Liver disease is a leading cause of mortality for HIVinfected individuals in the antiretroviral therapy era, and hepatitis C virus (HCV) coinfection is a major factor [1, 2] . The prevalence of HCV coinfection is estimated to be 15%-40% among HIV-infected individuals [3] [4] [5] . However, higher rates of HCV coinfection have been reported in specific groups, including injection drug users [6] . Given the clinical significance of HCV coinfection, national guidelines recommend HCV antibody screening for all HIV-infected patients [7, 8] .
However, false-negative results of serologic tests for HCV can occur in persons with acute HCV infection (during the period from exposure to HCV antibody seroconversion) and in those with chronic HCV infection. Chronic HCV viremia, or having detectable HCV RNA in serum (HCV RNA positivity) in the absence of detectable HCV antibodies (anti-HCV negativity), has been reported in HIV-uninfected [9] [10] [11] [12] and HIVinfected individuals [13] [14] [15] [16] [17] . Experimental HCV infection of chimpanzees has also resulted in chronic HCV viremia without the development of HCV antibodies [18] .
HIV-infected individuals may be at particular risk for seronegative HCV infection, possibly as a result of immunosuppression, with resultant failure to mount or maintain HCV antibody titers for detection by standard serodiagnostic tests [14, 17, 19] . The reported prevalence of chronic seronegative HCV infection among anti-HCV-negative, HIV-infected patients has varied between 0% and 13.2% [13, 15, 16, 20] , depending upon the population studied and the HCV EIA used. Because the total reported number of HIV-infected pa-tients with seronegative HCV infection is small, it has been difficult to establish the risk factors for seronegative HCV infection.
We determined the prevalence of chronic seronegative HCV infection in a large, multicenter, nationally representative cohort of HIV-infected men and women. Using data combined from that cohort and data from 3 previously described cohorts, we analyzed the predictors of HCV RNA positivity among anti-HCV-negative, HIV-infected subjects to determine which groups of anti-HCV-negative subjects are at risk for having HCV RNA positivity.
METHODS
One thousand one hundred seventy-five HIV-infected individuals from 16 HIV clinics across the United States enrolled in the Fat Redistribution and Metabolic Change in HIV infection (FRAM) study were studied. The FRAM study was initiated in 2000 to investigate the prevalence and correlates of fat distribution changes, insulin resistance, and hyperlipidemia in HIVinfected men and women and a comparison group of control men and women. Informed consent was obtained from all participants in accordance with guidelines for human experimentation of the US Department of Health and Human Services and the institutional review board of each participating institution. The recruitment and data collection procedures have been previously described [21] . FRAM study researchers examined and interviewed participants using a standardized protocol. Questionnaires asked about the participants' risk factors for HIV and HCV acquisition, socioeconomic and demographic data, and medical history.
Blood samples were collected and measurements, including transaminase levels, HIV RNA level, and CD4 cell count were collected at a central laboratory (Covance Lab; Indianapolis, IN). HCV serologic tests, using the HCV EIA 2.0 (Abbott), and determination of HCV RNA levels, using the Bayer Versant 3.0 (bDNA) assay (lower limit of detection, 615 IU/mL), were later performed for all participants with available frozen serum samples. The HCV EIA 2.0 is the standard clinical HCV screening assay used at our institution. A case of seronegative HCV infection was defined as simultaneous anti-HCV negativity and HCV RNA positivity.
To increase our sample size of seronegative HCV-infected individuals, we identified 3 other cohorts [13, 15, 16] for inclusion in our analyses through an electronic literature search in the Embase and Medline databases for published human studies in peer-reviewed journals from 1985 to September 2005 that examined the prevalence and predictors of seronegative chronic HCV infection in HIV. These 3 cohorts were included because (1) anti-HCV testing (using the HCV EIA 2.0) and simultaneous HCV RNA testing were conducted on all subjects, (2) chronic HCV infection was confirmed by longitudinal testing using the HCV EIA 2.0 and HCV RNA [15, 16] or by estimating the time of HCV infection through self-reported history of injection drug use (IDU) [13] , and (3) demographic data on the patients studied were available. One study [15] performed HCV RNA testing using both a commercial and noncommercial assay; only data obtained by commercial HCV RNA testing were included in the analysis.
The original data sets were obtained from the authors of each study. Data from 2 of the studies were collected from patients seen in HIV clinics in Iowa City, Iowa [15] , and Los Angeles, California [13] . The authors of the Los Angeles study provided updated data collected from subsequent patients examined at the clinic. Therefore, the data presented here were not included in their original publication [13] . Data obtained from the third study were collected from participants enrolled during 1996-2000 in the Research and Access to Care for the Homeless (REACH) cohort, which longitudinally studied the HIV-infected, marginally housed population in San Francisco, California [16] . The data obtained from these 3 cohorts, combined with the FRAM study, provided a total of 37 cases of seronegative HCV infection for analysis.
Variables common to the pooled studies were screened, including age, ethnicity, sex, alcohol use (defined by current use [yes vs. no] in 3 studies [15, 16, 21] and lifetime use [yes vs. no] in the other study [13] ), history of IDU (yes vs. no), alanine aminotransferase (ALT) level, HIV RNA level, and current CD4 cell count. ORs and 95% CIs for the rate of HCV RNA positivity among anti-HCV-negative subjects were calculated using unadjusted, univariate models of the raw data from each study to identify important variables. Upon examination, ALT level was found to be right-skewed and, thus, was log-transformed for all analyses. The linearity assumption was also tested for ALT level and other numeric variables. Sex was included in analysis due to a priori interest and importance and after testing indicated that model fit was improved when sex was included. Univariate testing indicated that IDU, ALT level, and CD4 cell count were significant at the .05 level. Current CD4 cell count was modeled as !200 versus у200 cells/mL. A pooled data set was constructed for analysis. A multivariate logistic regression model was then run using the pooled data, with variables identified from the univariate results plus a term for study. We controlled for study because of the possibility of confounding due to duration and treatment of HIV infection, which we were not able to control for directly.
Multiple tests were performed to investigate the issues of study homogeneity and the general goodness of model fit. We tested for significant interactions between the study and the other variables in the model. No interactions reached statistical significance at the .05 level. We also tested separately for interaction between the other variables in the model (sex, CD4 cell count, IDU, and ALT level). We then ran separate models with and without study interactions in the model to calculate likelihood ratio tests. A Breslow-Day test for homogeneity of the OR was also run as a further check for study homogeneity. For each model, tests were conducted for goodness of fit using the Hosmer-Lemeshow test [22] . Because all of these checks suggested no violation of study homogeneity, for both analyses, we used a fixed effects model to obtain summary estimates from the included studies. Finally, unselected factors were added back into the final model to see whether they were significant or affected model fit. No unselected factors had P ! when added to the final model. SAS software, version 9.1 .20 [23] , was used for all analyses.
RESULTS
Of the 1151 HIV-infected men and women in the FRAM cohort with samples available for anti-HCV and HCV RNA testing (table 1) , 869 were anti-HCV negative, and of these, 15 (1.3%) of 1151 were HCV RNA positive. HCV RNA levels were similar between those who were anti-HCV positive and anti-HCV negative. Four of the 15 patients had documentation of prior HCV infection either by serologic testing or provider chart note. In the remaining 11 patients, 4 reported a history of IDU and were therefore considered to have acquired HCV infection at, or soon after, the time of initiation of IDU. We could not rule out acute infection as a possibility in the remaining 7 patients. These patients, however, were included in the analyses, to avoid bias in assessments of associations of IDU with presence of HCV antibody.
In the data sets from the 3 other cohorts, the number of HIV-infected patients ranged from 130 to 345 (table 1) . Table  2 shows the demographic and clinical characteristics of the anti-HCV-negative, HIV-infected patients in each of the cohorts. Quantitative HCV RNA data were only available for the cohorts from FRAM and Hall and colleagues, and HCV RNA levels were similar between those who were anti-HCV positive and anti-HCV negative. Among the 1174 anti-HCV-negative subjects combined from all 4 cohorts, the prevalence of seronegative HCV infection was 3.2% (95% CI, 2.2%-4.3%).
Predictors of testing HCV RNA positivity among the anti-HCV-negative participants. Univariate analyses of demographic and potential clinical predictors of HCV RNA positivity among anti-HCV-negative subjects for the 4 cohorts are shown in table 3. A history of IDU was associated with HCV RNA positivity in the FRAM and the Hall and colleagues cohorts. An increased ALT level was associated with HCV RNA positivity in the FRAM cohort, and a CD4 cell count !200 cells/mL was associated with HCV RNA positivity in the Hall and colleagues cohort. No significant predictors were identified in the Bonacini and colleagues and George and colleagues cohorts, but the OR for the factors IDU, ALT level, and CD4 cell count were consistent across studies, providing reassurance against study heterogeneity. Although African American race was associated with HCV RNA positivity in the FRAM cohort, it was not consistently associated in the other cohorts and was also not significant on multivariate modeling.
Multivariate analysis, which included history of IDU, ALT level, current CD4 cell count !200 cells/mL, and sex for each of the 4 cohorts and all of the cohorts combined, is shown in ALT level greater than the upper limit of normala 178 (21) 89 (73) 16 (16) 10 ( ), and a current CD4 cell P p .002 count !200 cells/mL (OR, 2.3; 95% CI, 1.1-4.8;
) were P p .025 all independently associated with HCV RNA positivity among anti-HCV-negative patients.
Through multivariate analysis of each cohort, a history of IDU was associated with an increased odds of testing HCV RNA positive among anti-HCV-negative participants, but the association reached significance only in the FRAM (OR, 9.3; 95% CI, 2.9-29.5;
) and the Hall and colleagues co-P p .0002 horts (OR, 6.1; 95% CI, 1.2-31.0;
). Similarly, an in-P p .029 creasing ALT level and a CD4 cell count !200 cells/mL were associated with testing HCV RNA positive in each of the cohorts. However, for the association between ALT level and testing HCV RNA positive, statistical significance was reached only in the FRAM cohort (OR, 3.8 per doubling; 95% CI, 1.7-8.4; ), and for CD4 cell count !200 cells/mL, the association P p .001 did not reach significance in any of the individual cohorts.
Finally, among the 93 anti-HCV-negative subjects with a history of IDU combined from all 4 cohorts, the pooled prevalence of testing HCV RNA positive was 15% (95% CI, 8.5%-24%), but the pooled prevalence was highest at 24% (95% CI, 13%-39%) among the subgroup of those with a history of IDU who had either a CD4 cell count !200 cells/mL or an ALT greater than the upper limit of normal.
DISCUSSION
In the largest study to date, to our knowledge, to examine the prevalence and predictors of seronegative HCV infection, we found a pooled prevalence of seronegative HCV infection among anti-HCV-negative subjects of 3.2%. Although studies of HIV-infected [13] and HIV-uninfected [24, 25] individuals suggest that the HCV EIA 3.0 is a more sensitive assay, our findings of a low prevalence of seronegative HCV infection among anti-HCV-negative subjects suggest that the HCV EIA 2.0, which remains the standard clinical HCV screening assay used at most large hospital laboratories and at most of our institutions, is a reasonable screening tool to use for HIV-infected populations.
The FRAM cohort, which is representative of HIV-infected patients in medical care in the United States, demonstrated the lowest prevalence of seronegative HCV infection in anti-HCVnegative subjects among the previously reported studies using the HCV EIA 2.0. It should be noted that our study used commercially available HCV RNA tests to detect HCV infection. Some studies have reported HCV infection among anti-HCV-negative patients even in the absence of detectable HCV viremia in serum when more sensitive noncommercial methods to detect HCV RNA have been used for whole blood [15] and liver tissue [10] specimens. However, the 2% prevalence of seronegative HCV infection in the FRAM cohort remains Table 3 . Univariate logistic regression analysis of factors associated with testing HCV RNA-positive in anti-HCV-negative subjects by cohort.
Characteristic FRAM study (n p 869)
Bonacini et al. [13] (n p 124)
George et al. [15] (n p 99)
Hall et al. [16] ( a OR not estimable because of zero value in the numerator of the reference group for the proportion of HCV RNA-positive individuals among anti-HCV-negative individuals.
Figure 1.
Multivariate logistic regression analysis of factors associated with testing hepatitis C virus (HCV) RNA positive among HCV antibody (anti-HCV)-negative subjects (by study and combined). Model controls for study were gender, injection drug use, alanine aminotransferase (ALT) level, and current CD4 cell count. Box size is proportional to study size. Location of box and whiskers denote estimate of OR and 95% CI, respectively. Diamond represents the OR and 95% CI for the combined studies.
higher than reported in HIV-uninfected individuals. Among US blood donors, seronegative HCV infection has been estimated to occur, on average, in 1 in 250,000 donors with the majority of cases being a result of acute HCV infection [25] . Although the prevalence of seronegative HCV infection appears low among HIV-infected subjects, we identified subgroups of anti-HCV-negative subjects who tested HCV RNA positive; particularly among persons with an elevated ALT level, a history of IDU, and a CD4 cell count !200 cells/mL. Our finding that an elevated ALT level was associated with being HCV RNA positive is not surprising, because an elevated ALT level may reflect HCV-related liver damage. Given the high pretest probability of HCV infection in those with a history of IDU, the finding of an association between a history of IDU and being HCV RNA positive is also expected. Finally, we establish that immunosuppression is associated with testing HCV RNA positive among anti-HCV-negative individuals. When we examined the predictors for testing anti-HCV negative among the HCV RNA-positive subjects to understand the limitations of standard HCV screening in HIV infection, we confirmed that immunosuppression is associated with testing anti-HCV negative among HCV RNA-positive individuals. It is noteworthy that for anti-HCV-negative, HIV-infected subjects with a history of IDU and either a CD4 cell count !200 cells/mL or an abnormal ALT level, we found a pooled prevalence of 24% for testing HCV RNA positive. Therefore, HCV RNA testing may be necessary for such individuals to exclude HCV infection.
A limitation of our study was that, in the FRAM cohort, we could not rule out acute HCV infection in 7 cases, although the ALT levels in these patients were not suggestive of acute HCV infection (range, 16-92 mg/dL). On the other hand, the anti-HCV-negative but HCV RNA-positive patients described by George et al. [15] and the majority of those described by Hall et al. [16] and Bonacini et al. [13] appeared to have chronic seronegative HCV infection, shown through longitudinal HCV EIA and HCV RNA testing of collected serum samples. Because of the nature of our study, HCV RNA testing was neither systematic nor of optimal sensitivity. The bDNA assay, which has a lower sensitivity to detect low HCV RNA levels, was used for the FRAM and the Hall et al. [16] cohorts. However, we do not believe that the use of the bDNA assay substantially underestimated the prevalence of seronegative HCV infection in these 2 cohorts. HIV-HCV-coinfected patients have been shown to have higher HCV RNA levels than HCV-monoinfected patients; therefore, low HCV RNA levels would be unexpected [26] . Finally, although the characteristics of the cohorts included in the study were not completely comparable, we found that the ORs for the most significant factors associated with testing HCV RNA positive were in a similar direction for all 4 cohorts, which provided reassurance regarding study comparability.
In summary, the low overall prevalence of seronegative HCV infection among those who were anti-HCV negative suggests that the HCV EIA 2.0 assay is a sufficiently sensitive screening tool to determine antibody status. Our findings suggest that HCV RNA testing should be performed in anti-HCV-negative, HIV-infected patients, especially those with a history of IDU and either a CD4 cell count !200 cells/mL or an abnormal ALT level.
